Comprehensive treatment plans are often required for youth with psychopathology to address a complex array of symptoms and associated morbidities. In general, a multimodal treatment approach combining pharmacologic agents and psychosocial interventions is suggested, with the goal of improving symptoms, providing psychoeducation about the mental illness, and promoting treatment adherence for relapse prevention and attenuation of long-term complications from the illness. 7, 8 Clinicians are encouraged to advocate for prevention, early intervention, and biopsychosocial treatments that promote the healthy growth and development of all children affected by psychopathology, in any cultural context. 9 At this point, however, we know relatively little about the mechanisms that underlie treatment and presume that the effects of pharmacologic and nonpharmacologic interventions on the brain are multifactorial.
An efficient way to elucidate neural mechanisms that underlie the effects of treatment is to use magnetic resonance imaging (MRI) technology to assess in vivo brain differences in youth before and after an intervention has been made. For example, specific differences in brains exposed rather than unexposed to medications may suggest intrinsic biological pathways that may clarify the mechanisms by which such treatments are functioning to reduce symptom burden. In some instances, medications have been found to have either no effect or a normalizing effect on brain MRI findings compared with healthy controls. 10 Some neuroimaging studies have attempted to examine the effects of medications on structural and functional outcomes in the brain post hoc, and have found no direct influence of medication exposure on primary findings. 11, 12 In other cases, researchers have tried to avoid the potential confounding effects of medications on brain MRI results by studying only unmedicated or medication-naïve youth. [13] [14] [15] [16] Although there are some clear advantages to examining unmedicated youth with psychopathology, such individuals are difficult to find and may represent a subset of the population with relatively low symptom severity, thereby limiting generalizability of the results to the overall population.
This article evaluates studies in which medications were not treated as a confounder, but rather as a variable of interest on neural outcome. Structural, functional, neurochemical, and other neuroimaging modalities used to study the neurophysiologic alterations associated with psychotropic medication exposure in youth are reviewed. In addition, the authors review neuroimaging studies examining the effects of psychotherapeutic interventions, in an effort to explore the potential effects of nonpharmacologic treatment in selected disorders. After reviewing each modality as it applies to youth with various psychiatric diagnoses, the article concludes by illustrating how taken together, these studies suggest that therapeutic interventions during childhood do indeed affect brain structure and function in a detectable manner. Finally, areas of future study that will further explain the biological correlates of treating psychopathology are proposed.
METHODS
A literature search using PubMed was conducted to identify peer-reviewed neuroimaging studies of children and adolescents for the period 1966 to June 2012. The following terms were included in the search: "medication" or "psychotropic" or "psychotherapy" or "treatment" with "psychiatric" or diagnostic categories, and "adolescents," "children," "youth," "juvenile," or "pediatric," followed by "neuroimaging," "magnetic resonance imaging (MRI)," "diffusion tensor imaging (DTI)," "functional MRI (fMRI)," or "spectroscopy (MRS)." References from identified articles were also reviewed to ensure that all relevant articles were included.
RESULTS
Data were reviewed from more than 50 studies published from 1966 to 2012 that reported on neuroimaging applications in selected child psychiatric diagnoses. Available data were examined from structural MRI, diffusion tensor imaging (DTI), functional MRI (fMRI), and magnetic resonance spectroscopy (MRS) studies in youth with selected psychiatric disorders including anorexia nervosa (AN), attention deficit with hyperactivity disorder (ADHD), autism, bipolar disorder (BD), depressive disorders, obsessive-compulsive disorder (OCD), and schizophrenia.
Anorexia Nervosa
In youth with eating disorders such as AN, some studies have demonstrated that the cognitive effects of this disorder may be ameliorated by intervention in general. Although weight recovery is the main treatment end point for youth with this disorder, an understanding of the interaction between specific mechanisms by which weight recovery is achieved and neurocognitive outcomes is still under development. For example, 9 patients with AN were assessed by neuroimaging before and after 7 months of inpatient multidisciplinary treatment, involving a combination of biological management (eg, with selective serotonin reuptake inhibitors [SSRIs]), nutritional rehabilitation, a behavioral program standardized to improve eating patterns and weight, individual and group cognitive treatment, and parent counseling, all aimed at weight recovery. 17 Before treatment, the AN group showed significantly higher activation than controls in temporal and parietal areas, and especially in the temporal superior gyrus, during performance of a working memory task. A negative correlation was found between brain activation and body mass index and a positive correlation was found between activation and depressive symptomatology. At follow-up after weight recovery, AN patients showed a decrease in brain activation in these areas and did not present differences relative to controls, suggesting that differences with respect to controls disappeared after weight recovery. These investigators also showed that posterior gray matter structural deficits assessed by serial voxel-based morphometry (VBM) 18 and prefrontal N-acetyl aspartate (NAA), and other neurochemical deficits assessed by MRS, 19 are also reversible by nutritional recovery. The multimodal approach used by these researchers provides them with the opportunity to develop important theoretical models of how treatment of AN can influence all levels of brain function. Future studies would benefit from teasing apart the specific neural effects of the various interventions (biological and psychosocial) presented to this population.
Attention Deficit with Hyperactivity
In youth with ADHD, a few studies have examined the neural effects of psychostimulant medications. One study showed that total frontal, prefrontal, and caudate volumes were larger for children and adolescents with ADHD compared with controls, and that youth with ADHD without a treatment history had smaller right anterior cingulate cortex (ACC) volumes than those of ADHD youth with a treatment history. 20 Although the treatment group and the nontreatment group were comparable in terms of ADHD symptom severity assessed by parents, this study did not explicitly evaluate or control for symptom severity, which may have biased their results such that those who received treatment had more severe illness warranting pharmacologic intervention in comparison with those who did not receive treatment.
Structural MRI for ADHD
Because ADHD persists into adulthood in 50% to 70% of cases, a recent metaanalysis aiming to identify MRI-based structural differences between adults and Neural Effects of Psychotropics in Youth children with ADHD discovered significant positive effects of treatment. 21 Specifically, volumetric reductions in basal ganglia regions (eg, right globus pallidus, right putamen, and caudate), as well as alterations in limbic regions (ACC and amygdala), were more pronounced in nontreated populations and appeared to diminish over time from childhood to adulthood. Treatment also appeared to have a normalizing effect on brain structure such that a higher percentage of treated participants showed fewer structural anomalies than those who were untreated. Consistent with this study, another meta-analysis of structural imaging data also found abnormalities in the basal ganglia associated with ADHD. 22 This analysis evaluated the effects of age and treatment in these studies, and found that patients with ADHD may catch up on disorder-related developmental delay with the use of stimulant medication, which was associated with normalization of structural abnormalities in the lentiform nucleus extending into the caudate nucleus. Both of these meta-analyses demonstrate the need for within-subject prospective studies to confirm the impact of psychostimulants on brain structure in youth with ADHD.
Functional MRI for ADHD
fMRI studies in this area used longitudinal designs by performing prestimulant and poststimulant exposure fMRI scans. In an fMRI study of 18 youths with ADHD, researchers used a Sternberg working memory task in a randomized, double-blind, placebo-controlled design. Results demonstrated that a clinically effective dose of a psychostimulant led to the recruitment of additional brain regions that were not engaged in the networks when participants were on placebo. 23 In addition, psychostimulant therapy strengthened connectivity between frontoparietal networks that were engaged during working memory, with many connectivity changes being directly related to improved working memory reaction time. This study showed strong evidence for regional functional connectivity changes following medication in structures previously implicated as abnormal in ADHD, such as anterior cingulate, ventrolateral prefrontal cortex, and precuneus, suggesting a mechanism underlying the beneficial effects of medication on working memory performance.
In another fMRI study designed to assess the effects of single-dose methylphenidate on error-processing regions of the brain during a stop task, 12 medication-naïve boys with ADHD were scanned twice, under either a single clinical dose of methylphenidate or placebo, in a randomized, double-blind design. 24 Brain activation was compared within patients under either drug condition, and to test for the potential normalization effects of methylphenidate, brain activation in ADHD patients under either drug condition was compared with that of 13 healthy age-matched boys. This study found that during failed inhibition, boys with ADHD taking placebo showed reduced brain activation relative to control subjects in performance-monitoring areas of dorsomedial and left ventrolateral prefrontal cortices, thalamus, cingulate, and parietal regions. Methylphenidate, in comparison with placebo, upregulated activation in these brain regions within patients and normalized all activation differences between patients and control subjects. During successful inhibition, methylphenidate normalized reduced activation observed in patients taking placebo compared with control subjects in parietotemporal and cerebellar regions. This study demonstrated that a single dose of a psychostimulant normalizes levels of brain activity in attentional brain networks in youth with ADHD.
Functional near-infrared spectroscopy for ADHD Similar to ADHD, olfactory sensitivity, discrimination, and identification are mediated by dopamine metabolism. Twenty-seven youths with ADHD and a history of chronic methylphenidate exposure were washed out from their medication and assessed along with healthy controls for olfactory function by functional near-infrared spectroscopy (fNIRS) during presentation of 2-phenylethanol. 25 Results from this study showed that cessation of methylphenidate led to significant increases in olfactory discrimination, but decreased inferior frontal and temporal brain activation in youth with ADHD. Of interest, this activation pattern associated with olfaction normalized with the reintroduction of medication to the ADHD group, providing in vivo evidence that psychostimulants modulate related dopaminergic systems.
Magnetic resonance spectroscopy for ADHD
Data demonstrating macroscopic structural and functional brain changes in youth with ADHD suggest underlying cellular and molecular changes that may be due to treatment. MRS is a noninvasive neuroimaging method that yields molecular-level biochemical data to quantitatively examine neuronal function. Several studies in youth with ADHD have demonstrated in vivo neurochemical changes in response to different medication treatments. In a case series of 2 children showing symptom improvement with methylphenidate and 2 children treated with atomoxetine, a decrease in the glutamate/creatine ratio (mean change 56.1%) was observed in the striatum between 14 and 18 weeks of therapy in all 4 children with ADHD. 26 In the prefrontal cortex, however, changes in the glutamate/creatine ratio were noted only in subjects receiving atomoxetine. 26 In another study by the same group, MRS data were collected from the prefrontal cortex and striatum in 14 children with ADHD, before and after treatment with psychostimulants or atomoxetine. 27 The glutamate/glutamine/g-aminobutyric acid-to-creatine/phosphocreatine ratio decreased significantly in the striatum, suggesting that striatal glutamate may be involved in treatment response in ADHD.
Treatment of the prefrontal region for ADHD
Hammerness and colleagues 28 recently found that glutamatergic abnormalities may also be ameliorated with treatment in a prefrontal region of youth with ADHD. In an open-label design, adolescents with ADHD were scanned by MRS in the ACC before and after administration of extended-release methylphenidate. Untreated youth with ADHD showed higher metabolite ratios (glutamate/myoinositol, glutamine/myoinositol, glutamate 1 glutamine/myoinositol) in the ACC compared with controls and treated ADHD youth, but these group differences did not reach statistical significance. Although these preliminary findings suggest possible glutamatergic abnormalities in adolescents with ADHD, which may normalize with methylphenidate treatment, a larger sample and controlled study design are needed to confirm these results.
Another study using a pretest and posttest design examined the effect on prefrontal neurometabolites of 12 weeks of treatment with long-acting methylphenidate, 20 mg per day, in 21 medication-naïve children with ADHD. 29 These youths had increases in NAA/creatine ratios and decreases in glutamate/creatine, choline/creatine, and myoinositol/creatine ratios in the right and left prefrontal cortices after stimulant treatment. The investigators speculated that the significant neurochemical changes may reflect medication-related functional improvement and improved neuroplasticity in the prefrontal cortices of children with ADHD.
Behavioral treatment for ADHD
Behavioral treatment of ADHD symptoms appears to also have an effect on brain functioning. In a recent study of youth attending summer camp training for treatment of ADHD, fMRI with a Go/No-Go paradigm was performed twice in 12 children with ADHD before and after a response cost and token (RCT) program, and in 12 healthy control children, to investigate the influence of RCT training on attention and impulsivity. 30 The No-Go condition revealed weak activation in the dorsal part of the ACC, parietal cortex, and dorsolateral prefrontal cortex (DLPFC) before the training in children with ADHD compared with healthy children, which was significantly more pronounced after the training. This increase in hemodynamic response was not attributed merely to repetition of the measurement, because the effect was not observed in healthy children. The increase in hemodynamic response in the ACC and right DLPFC was significantly associated with a reduction in response-time variability and clinical symptoms in ADHD patients. This study showed that after the RCT training, youth with ADHD showed more pronounced activation of cortical structures that function in response monitoring and self-control.
Combination treatments for ADHD
Collectively these studies suggest significant effects of pharmacologic and behavioral interventions on brain structure and function in youth with ADHD. Additional controlled studies and longer-term follow-up would aid in determining the long-term benefits of these interventions in ameliorating brain dysfunction associated with ADHD.
Autism
Despite a wealth of preclinical investigation, there are surprisingly few human studies in youth with autism that directly examine the effects of intervention on brain functioning. One study examined functional connectivity during a phonological decisionmaking task in adolescents with autism-spectrum disorders. 31 This study found that in youth taking propranolol, there was increased functional connectivity in regions including the left inferior frontal cortex, left fusiform gyrus, left parietal cortex, and left middle temporal gyrus.
A few other studies in youth with autism have evaluated the effects of medication directly on receptor and transporter functioning in the brain. For example, a positron emission tomography (PET) study showed that a high value of dopamine D2 receptor binding in the caudate and putamen decreased by about 10% toward the normal level after treating 6 children between 3 and 5 years of age with infantile autism for 3 months with enzymatic cofactor 6R-L-erythro-5,6,7,8-tetrahydrobiopterin. 32 Another study aimed to correlate striatal dopamine transporter (DAT) binding and cerebrospinal fluid insulin-like growth factor 1 (CSF IGF-1) with clinical response in autistic children (n 5 13, age 5-16 years) after 6 months of fluoxetine treatment. 33 Good clinical responders (n 5 6) had a decrease (P 5 .031) in DAT binding as assessed using single-photon emission computed tomography with [
123 I]nor-b-CIT (2b-carbomethoxy-3b-(4-iodophenyl)nortropane), whereas poor responders had a trend toward an increase. This study showed that fluoxetine decreases DAT binding, which may also have a neuroprotective effect against dopamine-induced neurotoxicity in autistic children.
Medications do not appear to have any direct effects on white matter microstructure, as described in youth and young adults with high-functioning autism. 34 However, longterm cognitive and behavioral therapies beginning in adolescence have been shown to improve structural integrity in the uncinate fasciculus in low-functioning young adults with autism. 35 These few studies in youth with autism point to specific mechanisms by which interventions may reduce symptom severity, but additional studies are needed to specifically evaluate how these interventions work to provide neural protection.
Bipolar Disorder
There are several emerging pharmacologic neuroimaging studies in youth with BD. Bipolar symptoms are severe in youth and create a significant level of impairment, such that it is challenging to find youth unmedicated for this disorder when they enroll in a neuroimaging study. Moreover, sometimes youth with BD do not show significant
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departures from normal development in brain structure and function, possibly because of the normalizing effects of medication. Researchers have attempted to evaluate the contribution of medication to neural effects insofar as examining subsamples of youth with and without medication exposure, or to compare neuroimaging outcome measures among youth with specific medication exposures. For example, a recent study showed that youth with BD who were exposed to lithium had larger hippocampal volumes than those who were not exposed to lithium. 36 Other studies have found that youth with BD who had past exposure to mood stabilizers (either lithium or divalproex) had significantly greater posterior subgenual ACC and amygdalar volumes compared with BD youth without mood-stabilizer exposure and controls. 37, 38 The effects on white matter microstructure have been less studied, with one post hoc analysis finding no effects of medication exposure on DTI findings in youth with BD. 39 
Functional MRI for bipolar disorder
Recently, a few researchers have begun to directly examine the effects of pharmacologic intervention in fMRI activation in youth with BD. In an open-label study, Chang and colleagues 40 examined the neural effects of lamotrigine in adolescents with bipolar depression and found that BD youth treated with lamotrigine for 8 weeks demonstrated less amygdala activation when viewing negative stimuli as depressive symptoms improved; whether the changes in fMRI activation were due to lamotrigine exposure or improvements in depressive symptoms (as a consequence of lamotrigine treatment) could not be determined. Another study examined 17 youths with BD after 14 weeks of treatment with a second-generation antipsychotic (SGA) followed by adjunctive lamotrigine monotherapy, and compared fMRI activation with that of healthy subjects while performing an affective color-matching task. 41 The investigators observed treatment-related decreases in the ventromedial prefrontal cortex (VMPFC) and the DLPFC in the BD subjects, showing that pharmacotherapy resulted in differential brain activation patterns within the BD group, with persistently increased activity in the affective regions and decreased activity in the cognitive regions relative to a healthy comparison group. This same group showed that treatment with an SGA followed by lamotrigine monotherapy enhanced ventrolateral prefrontal cortical (VLPFC) and temporal lobe activity during a response-inhibition task, demonstrating reversal of disorder-relevant neural circuitry dysfunction in patients with adolescent BD. 42 Behavioral performance was not slowed down in patients on this treatment regimen. Finally, an affective working memory task was presented before and after sequential treatment for 8 weeks with an SGA followed by 6 weeks of lamotrigine to previously unmedicated youth with BD, showing that pharmacotherapy resulted in normalization of symptoms and higher prefrontal cortical and cognitive regional activation in youth with BD versus healthy subjects, but did not normalize amygdala overactivation. 43 Improvement on Young Mania Rating Scale (YMRS) score significantly correlated with decreased activity in the VMPFC within the patient group, suggesting a normalizing effect of treatment on fMRI activation, which may be due to either direct medication effects or improvement in symptoms.
Other studies have looked more broadly at the effects of pharmacotherapy on neurocognitive systems in pediatric BD. Wegbreit and colleagues 44 aimed to determine functional connectivity differences in youth with BD who were responders (n 5 22) versus nonresponders (n 5 12) to 1 of 3 mood-stabilizing medications (divalproex, risperidone, or lamotrigine) and compared with healthy controls (n 5 14). Participants performed a color-matching task during fMRI whereby they had to match the color of positive, negative, or neutral words with colored dots. A frontolimbic network was identified that showed impaired functional integration in youth with BD relative to healthy controls when participants viewed negatively valenced words. Medication responders in the BD group showed greater connectivity of the amygdala into the network before and after treatment compared with nonresponders, with responders showing a pattern more similar to healthy controls than to nonresponders. The degree of amygdala functional connectivity predicted medication response as well as the improvement in YMRS scores across responders and nonresponders regardless of medication type. From these results the investigators inferred that increased functional integration of the amygdala within the frontolimbic network might be a biomarker of broad responsivity to mood stabilizers in BD.
Differential neural effects of medications for bipolar disorder
Differential neural effects between two medications have also been demonstrated. Pavuluri and colleagues [45] [46] [47] recently investigated the relative effects of risperidone and divalproex on 3 different cognitive functions in unmedicated manic patients randomized to either treatment or healthy control. In the first task, participants matched the color of a positive, negative, or neutral word with one of two colored circles. After treatment and relative to healthy controls, the risperidone-treated group showed increased activation in the right pregenual and subgenual ACC, and decreased activation in the bilateral middle frontal gyrus, left inferior, medial, and right middle frontal gyri, left inferior parietal lobe, and right striatum. In the divalproex-treated group, relative to healthy controls, increased activations were found in the right superior temporal gyrus, left medial frontal gyrus, and right precuneus. The differential effects of medication were also evaluated in this sample while subjects performed a response inhibition task whereby a motor response, already "on the way" to execution, had to be voluntarily inhibited in trials where a stop signal was presented. 46 Youth taking risperidone and divalproex differentially engaged an evaluative affective circuit (EAC: bilateral inferior frontal gyrus, middle frontal gyrus, ACC, middle temporal gyrus, insulae, caudate, and putamen) during task performance. Within the EAC, posttreatment and relative to healthy controls, greater engagement was seen in left insula in the risperidone group and left subgenual ACC in the divalproex group. Finally, during a working memory task under emotional duress, divalproex enhanced activation in a frontotemporal circuit whereas risperidone increased activation in the dopamine (D2) receptor-rich ventral striatum. 47 Thus, risperidone and divalproex yield differential patterns of neural activity during emotion processing, response inhibition, and working memory tasks in youth with BD. These studies illustrate that psychotropic medication effects on the brain may be task dependent as well as specific for different types of medications.
Multimodal neuroimaging for bipolar disorder
In a multimodal neuroimaging study, Chang and colleagues 48 examined the effect of divalproex on brain structure, chemistry, and function in symptomatic youth at high risk for BD. Although there were no detectable effects on brain structure or neurochemistry after 12 weeks of treatment with divalproex, decreases in prefrontal brain activation correlated with decreases in depressive symptom severity. 48 Thus, this change in brain activation may have been due to symptom improvement rather than direct effects of the medication. A placebo arm may help to differentiate medication effects from changes resulting from symptomatic change.
Magnetic resonance spectroscopy for bipolar disorder
Other studies have used MRS in youth with BD, primarily using proton ( 1 H-MRS) acquisitions focused on key prefrontal cortical regions. For example, studies of youth with BD have shown altered medial and dorsolateral prefrontal concentrations of NAA and phosphocreatine/creatine, healthy nerve cell markers putatively involved in Singh & Chang maintaining energy production and myelin formation in the brain. 49 In addition, higher prefrontal myoinositol levels, a marker for cellular metabolism and second-messenger signaling pathways, have also been found in youth with 50 or at familial risk 51 for BD. These levels appear to be sensitive to lithium treatment in that children with BD exposed to lithium have relative decreases in prefrontal myoinositol. 52 Some, but not all, prior studies have demonstrated that alterations in neurometabolite concentrations may explain the pathophysiology of BD 53 and may be sensitive to the effects of psychotropic medications in this population.
Lithium treatment for bipolar disorder
Both NAA and myoinositol concentrations have changed in response to lithium treatment in pediatric populations. 52, 54 Specifically, Davanzo and colleagues 52 found that after 1 week of acute lithium treatment, baseline elevated levels of myoinositol/creatine ratios in the ACC in 11 youths with BD decreased, and this decrement was higher for lithium responders than for nonresponders. However, Patel and colleagues 55 observed that in 12-to 18-year-old youth with bipolar depression, lithium did not have any acute (1 week) or chronic (42 days) effects on myoinositol levels in the medial and lateral prefrontal cortices. In a different study, Patel and colleagues 54 did find that after 42 days of lithium administration, a sample of 12-to 18-year-old youth with BD demonstrated reductions in NAA concentration in the ventral but not the lateral prefrontal cortex. In this study, there was a time-by-remission-status interaction of NAA concentrations in the right ventrolateral prefrontal cortex, such that youth who remitted developed decreased mean NAA concentration from day 7 to day 42 whereas nonremitters showed an increase in mean NAA concentration during that same time period. The investigators speculated that higher lithium levels earlier in the treatment course might have resulted in lithium-induced increases in prefrontal metabolism. 54 However, in adults, chronic lithium exposure has been shown to nonselectively increase NAA concentrations in prefrontal, temporal, parietal, and occipital regions, 56 thereby perhaps increasing neuronal viability and function. Some of these findings suggest that by modulating neurometabolites involved in neuronal cell fluid balance and the second-messenger-related neurometabolite myoinositol, lithium exerts its action either by fluid shifts or through intracellular calcium signaling pathways. These studies provide clues about the mechanisms by which lithium and other mood stabilizers exert their therapeutic effect, 57 and are consistent with the aforementioned effects of lithium on brain regional volume.
Prefrontal neurometabolite concentrations in bipolar disorder
Prefrontal neurometabolite levels in youth have also been examined after treatment with divalproex 48 and the atypical antipsychotic olanzapine. 58 In a cohort of youth at high risk for developing BD, there were no statistically changes in pre-divalproex to post-divalproex NAA/creatine ratios, but there was a large effect size (d 5 0.94) for a decrease in right dorsolateral prefrontal NAA/creatine after treatment with divalproex. Hospitalized adolescents with bipolar I disorder, experiencing a manic or mixed episode, who achieved remission with olanzapine demonstrated increases in ventral prefrontal NAA compared with nonremitting patients, who showed decreases in prefrontal NAA concentrations. Thus it is unclear as to exactly what these increases or decreases in NAA/creatine ratios mean, but given the potential neurogenic effects of these medications in rat brains 59 and neural stem cells, 60 additional studies examining in vivo effects of these medications in individuals with BD would help clarify their role in reversing the pathophysiologic effects of this disorder.
Another prefrontal neurometabolite measurable by 1 H-MRS that may be associated with abnormal mood regulation is the excitatory neurotransmitter glutamate, its
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precursor and storage form glutamine, or a combined contribution of glutamate and glutamine (Glx). Moore and colleagues 61 used 1 H-MRS and found decreased levels of glutamine in the ACC in unmedicated youth with BD in comparison with healthy controls and medicated youth on a variety of different agents for BD. This group also found that unmedicated children with BD exhibiting manic symptoms severe enough to warrant treatment had lower Glx to creatine ratios in the ACC than children with BD who were stably treated with risperidone. 62 Mania severity correlated negatively with ACC Glx/creatine levels.
Medications outcomes in bipolar disorder
Taken together, these studies suggest that medications appear to consistently have a normalizing effect on brain function and on some brain volumes in youth with BD. This notion is also consistent with findings from studies in adults with BD. 63 Larger controlled studies in individuals who were previously medication naïve would aid in understanding the specific effects of medication exposure on neural activation in BD.
Depressive Disorders
Youth with depressive disorders demonstrate abnormalities in brain structure and function. 64 However, although effective treatments are available, the impact of treatment of depression on the brain in youth is understudied. In the only fMRI study examining changes in brain activity with treatment in pediatric depression, Tao and colleagues 65 showed that after 8 weeks of open-label fluoxetine treatment, 19 depressed youths with baseline overactivation in prefrontal and temporal regions showed normalization of brain activation in these areas. Further region-of-interest analyses of the areas involved in emotion processing indicated that before treatment, depressed youth had significantly greater activations of fearful relative to neutral facial expressions than did healthy comparison subjects in the amygdala, orbitofrontal cortex, and subgenual ACC bilaterally. Fluoxetine treatment appeared to decrease activations in all 3 regions. This study is limited by the lack of depressed youth exposed to a placebo to substantiate that fluoxetine was truly normalizing activations in these regions.
A smaller open-label study evaluated the potential neurochemical benefit of supplementing fluoxetine with creatine for 8 weeks in 5 adolescent females who had been stabilized on fluoxetine but continued to have persistent depressive symptoms. 66 This study used phosphorus MRS and found that compared with healthy controls, creatine-treated adolescents demonstrated a significant increase in brain phosphocreatine concentration (P 5 .02) on follow-up MRS brain scans. This study warrants replication because of its small sample size and lack of a placebo control group. Moreover, additional neuroimaging studies are needed to investigate the neural effects of widely accepted pharmacologic and psychotherapeutic treatments for pediatric depression.
Obsessive-Compulsive Disorder
A single case report describes the pharmacologic effect of paroxetine on neurochemistry in an 8-year-old with OCD. 67 In this report, OCD symptoms improved markedly in an 8-year-old girl treated for 14 months with the SSRI paroxetine (titrated from 10 to 40 mg/d). Paroxetine dose was then decreased in 10-mg decrements and discontinued without symptom recurrence. Serial 1 H-MRS examinations were acquired before and after 12 weeks of paroxetine treatment (40 mg/d) and 3 months after discontinuation of medication. A striking decrease in caudate Glx was observed after 12 weeks of treatment, which persisted after discontinuation of medication. These data provide support Singh & Chang for a reversible glutamatergically mediated dysfunction of the caudate nucleus in OCD that may serve as a marker for pathophysiology and treatment response. It is clear that more investigation in this area would advance our understanding of brain-based disease and treatment correlates.
Schizophrenia
Children and adolescents with schizophrenia share a similar pattern of phenomenologic, genetic, and cognitive abnormalities with adults with this disorder. However, early-onset schizophrenia (before age 18 years) is associated with a higher frequency of developmental delays and schizophrenia-spectrum disorders in family members along with a worse long-term outcome. Neurobiologically, schizophrenia in childhood is associated with a high frequency of cytogenetic abnormalities such as de novo chromosomal aberrations, and brain-imaging research in adolescents with schizophrenia has revealed a progressive loss of cortical gray matter after onset of psychosis and subtle abnormalities in white matter microstructure. 68 Although more likely to be treatment-refractory than adults with schizophrenia, there are some data supporting that youth with schizophrenia are particularly responsive to clozapine.
Caudate volume in schizophrenia treated with clozapine
The neural effects of this medication were demonstrated in a study of 8 adolescents with early-onset psychosis who were scanned along with matched controls at baseline before starting clozapine, and a rescanned after 2 years of treatment with clozapine. 69 Caudate volume was found to be higher than normal in the patients at the initial scanning, showing a slope of declining volume between scans, and did not differ significantly between the patients and the healthy control subjects at the second scanning. This study suggested a potential beneficial role of atypical antipsychotics in normalizing striatal volumes after a period of maintenance treatment.
Cortical thickness in schizophrenia treated with clozapine and olanzapine
Another study compared the effects of clozapine and its nearest related drug, olanzapine, on brain cortical thickness in youth with schizophrenia, contrasted with gray matter trajectories of matched healthy controls. 70 There were no significant differences in the trajectories of cortical thickness between clozapine-treated and olanzapine-treated groups, except in a small area in the right prefrontal cortex where olanzapine-treated youth had a thicker cortex. Both treatment groups showed relative cortical thinning over time compared with healthy controls. The fact that olanzapine showed a generally comparable neural trajectory to clozapine provides clinicians with additional information during their discussion with patients about choice of medication for long-term use in this population, particularly in treatment-refractory states. 71 
Cortical thickness and remission status in schizophrenia
Remission status also appears to affect cortical thickness. One study aimed to examine cortical thickness in 56 youths with childhood-onset schizophrenia between the time of hospital admission and discharge, on average 3 months later. 72 This study found that compared with patients with continued symptoms, the patients who were remitted at discharge (n 5 16 [29%]) had thicker regional cortex in left orbitofrontal, left superior, and middle temporal gyri, and bilateral postcentral and angular gyri (P.008). Although a specific medication was not evaluated, this study still provides some neuroanatomic correlates of clinical remission in schizophrenia as well as preliminary evidence that response to treatment may be mediated by these cortical brain regions.
Structural brain changes in schizophrenia
Because schizophrenia is characterized by a chronic course, structural brain changes seen over time in some patients may relate to poor outcome, whereas other changes may be predictive of recovery. 73 There are data about the safety and efficacy of multimodal interventions for childhood-onset schizophrenia starting even in the prodromal phases of illness. However, just as for depression, there are few studies that have examined the neural processes that might underlie their benefit. It is certainly possible that intervention may not directly influence the neural processes studied at all. For example, in one study examining prefrontal neurochemical levels in children with symptoms of schizophrenia-spectrum disorders (n 5 16; mean age 11 years) and a healthy comparison group (n 5 12; mean age 10.8 years), mean ratios of NAA/creatine were significantly lower in schizophrenia-spectrum subjects than in the comparison group (1.67 vs 1.92; P<.05), but medication status did not affect results in schizophrenia-spectrum subjects. 74 However, post hoc analyses searching for medication effects are often underpowered to detect significant or specific differences in medicated and unmedicated subsamples. Taken together, the preliminary findings in youth with schizophrenia suggest that atypical antipsychotics in this population tend to normalize brain structure, although perhaps not completely. Antipsychotic effects on brain function, connectivity, and white matter of youth with schizophrenia-spectrum disorders are not known.
CLINICAL VIGNETTE
Although neuroimaging cannot currently be used to diagnose youth with psychopathology, 75 one can imagine that this tool will become more accessible and, it is hoped, lead to more targeted treatments for youth with psychiatric illnesses. In some young individuals, treatments directed to more specific brain structures such as repetitive transcranial magnetic stimulation have shown some promise for tolerability and efficacy. 76 For the great majority of youth, however, pharmacologic and psychosocial interventions will likely remain the mainstay of treatment. A hypothetical example is given here to illustrate how information from neuroimaging studies might advance our treatments for youth with severe psychiatric illness.
A 16-year-old girl presents to the clinic after a week of euphoria, decreased need for sleep, increased goal-directed activities, racing thoughts, grandiosity, distractibility, increased motor activity, and hypersexuality, preceded by a 2-week period of depressed mood, suicidal ideation, irritability, lethargy, and hypersomnia. These symptoms are above and beyond what would be expected of a typical adolescent, and she meets criteria for bipolar I disorder. Currently unmedicated, she and her family elect to first undergo multimodal neuroimaging. Her structural MRI scan shows that she has reduced volumes in the subgenual anterior cingulate cortex, amygdala, and hippocampus. Her fMRI scan shows amygdalar overactivation and impaired functional integration of limbic structures with prefrontal areas during emotional tasks. Her MRS scan shows increased prefrontal myoinositol, decreased NAA, and decreased glutamine levels. With hope that lithium might restore her structural and neurochemical aberrancies, the clinician begins a trial of lithium for 12 weeks. The patient achieves remission of her manic symptoms and receives a followup MRI scan, which reveals normalization of subgenual ACC, amygdalar, and hippocampal volumes, restoration of typical neurometabolite levels, and normalization of activation patterns and improved functional integration between limbic structures and the prefrontal cortex. Three months later, she experiences another depressive episode and is rescanned. Amygdalar and VLPFC activation is high during an fMRI emotion task, and prefrontal glutamate levels are increased. After 8 weeks of adjunctive lamotrigine she is rescanned, with normalization of activation in these areas. With additional family and individual therapy, the patient remains in remission for the next 2 years.
SUMMARY
Neuroimaging studies have shown great promise in advancing our understanding of potential mechanisms of action of effective treatments for a range of psychiatric disorders. The good news is that, taken together, intervention appears to have a normalizing effect on brain structure and function in youth suffering from psychopathology. Across disorders, the neurotropic effects of lithium on amygdala and hippocampal volumes appear to be normalizing and are correlated with symptom improvement, and there appears to be normalization of functional activations while performing a wide array of neurocognitive tasks after treatment with psychostimulants, antipsychotics, antidepressants, and mood stabilizers (Fig. 1) . Additional information is needed to better understand the critical periods of benefit from these interventions, and how they compare relative to one another. These kinds of investigations will enrich the field of child psychiatry and substantiate the importance of early identification and intervention in youth. Longitudinal studies tracking youth well into adulthood will also provide important supporting evidence for the long-term beneficial effects or deleterious consequences of treatment.
It is also clear from this review that using neuroimaging tools to probe intervention effects in psychiatry may be associated with unique methodological considerations. Such factors include the psychometric effects of repeated scans, how to assess potential relations between the effects of an intervention on symptoms and on specific structural, neurochemical, or brain activation patterns, and how to best make causal inferences about intervention effects on brain function. 77 For example, it is often unclear from the studies described whether neural differences observed after treatment are due to the intervention or due to the symptom improvement that resulted from the intervention (ie, we do not know if we are observing a medication effect or a brain-improvement effect with changing symptoms). Future studies should be designed with placebo arms to distinguish these related but separate effects on brain structure and function. In addition, the study of treatment effects in disorders that manifest in childhood presents additional unique challenges related to brain maturation, analysis methods, and the potential for motion artifacts. Methodological advancements to minimize confounders associated with artifact and optimize analytical techniques to enable predictive inferences will be important steps in advancing this field. It is also true that the interventions examined in the literature reviewed were studied in youth who need them rather than experimentally exposing these interventions to typically developing healthy youth, which proves to be ethically challenging. For example, whereas it may be the case that lithium restores brain structure and function in youth with BD, it is less clear whether it has the same effect in healthy youth. This aspect limits our interpretation of the results, as there may be an interaction between certain neural characteristics and medications that produce a unique effect, one that may not be generalizable to all humans.
There are many justifiable concerns about the adverse effects of psychotropic medication on the developing body and brain. All of the studies in this review reported either null effect or benefit of treatment, but our knowledge of the long-term risks of the various interventions is very limited. However, we do know from prospective observations about the short-term risks of untreated depression, BD, schizophrenia, and other psychiatric disorders in which the levels of morbidity and mortality are very high if left untreated. Therefore, while there are adverse effects that may arise in both the body and the brain, the potential beneficial effects on the brain require further understanding. This kind of investigation is certain to substantiate why behavioral and functional improvements are observed at the clinical level. Nevertheless, adverse brain effects should also be studied with neuroimaging. It would be important to determine if there are predictors of response as well as predictors of adverse effects that are detectable. For example, is it possible that neuroimaging could help us determine which depressed adolescents will respond well to SSRIs and which would have a high likelihood of developing antidepressant-induced mania? 78 When we learn more about the effects of treatment on brain structure and function, and if there is a particular window during development when they are optimal (or most problematic), we can begin to develop more targeted and thoughtful approaches to treatment. The possibility remains that acute intervention with proper medications at a critical point in time will allow for shorter duration of treatment needed, and perhaps neuroprotection or neuroplastic change that will then eliminate the need for a lifetime of medications. This dream is one shared by all practitioners caring for youth with psychopathology, who wish that these youth achieve full and permanent remission of all symptoms and are able to eventually be taking as few medications as possible, and ideally be medication free, before reaching adulthood.
